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Abstract 
Human and environmental health continues to be threatened by persistent organic 
pollutants in the Great Lakes ecosystem. Polycholorinated biphenyls (PCBs) are considered 
one of the most toxic contaminants in the Great Lakes due to their recalcitrance, 
bioaccumulation, lipid solubility, and adverse health effects.  
The three main questions examined in this research were: 1) Do PCB concentrations 
vary between largemouth bass (Micropterus salmoides), northern pike (Esox Lucius), 
smallmouth bass (Micropterus dolomieu), and walleye (Sander vitreus) in west Michigan 
tributaries of Lake Michigan; 2) Do PCB concentrations vary on a watershed level among 
Manistee Lake, Muskegon Lake, Pentwater Lake, Tippy Pond, and White Lake;  and 3) What 
are the risk levels associated with fish consumption by members of Little River Band of 
Ottawa Indians (LRBOI) and sport fishermen for the watersheds and fish species examined? 
Fish samples from Manistee Lake and Tippy Pond were caught via hook and line by 
members of LRBOI during 2004-2006 and 2008-2009. Fish samples from Muskegon, 
Pentwater, and White lakes were taken via boat electrofishing by the Michigan Department 
of Environmental Quality and the Annis Water Resources Institute during 2003-2006 and 
2008-2009. The basins were chosen for their extensive use for recreational and tribal fishing.  
Fish were fileted, homogenized in a grinder and lipids from 20-g samples were 
extracted. Negative chemical ionization gas chromatography/mass spectrometry, gas 
chromatography with an electronic capture detector, and gas chromatography/high resolution 
mass spectrometry were used to measure PCB congener concentrations the fish tissue 
samples. Because of the variable methods in PCB congener measurements, PCB congeners 
were cross referenced and only the congeners that were found across all three methods were 
used in the statistical portions of the study. For the exposure and risk assessments, only those 
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congeners that were measured and found in Aroclor 1254 were used for total PCB exposure 
calculations. 
The results showed that walleye were significantly higher in PCB content than 
largemouth bass, northern pike and smallmouth bass (p < 0.05). Walleye were significantly 
higher in lipid content (p < 0.05), which was linked to the high PCB content. Fish from 
Manistee Lake were significantly higher than Muskegon Lake, Pentwater Lake, Tippy Pond, 
and White Lake (p < 0.05). In addition, exposures of sport anglers exceeded the reference 
dose of Aroclor 1254 in Manistee Lake with walleye from Manistee and White Lakes more 
than 10x the reference dose. Exposures of tribal members (LRBOI) exceeded 10x the 
reference dose in all species from Manistee Lake and walleye from Muskegon and White 
Lake. The risk assessment results suggest that basin specific consumption advisories should 
be considered for high risk groups.   
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 Chapter I 
 
1.0   Introduction 
Persistent Organic Pollutants (POPs), such as Polychlorinated Biphenyls (PCBs), are 
of environmental concern in the Great Lakes region due to of historic industrial discharges 
and continued inputs from atmospheric deposition (Khairy et al. 2015).   PCBs are globally 
distributed and have been detected in surface waters, soil, sediment, air, plants and animal 
tissues (EPA 1999; Wethington and Hornbuckle 2005). There are no known natural sources 
of PCBs, which makes these compounds anthropogenic contaminants (EPA 1999). PCBS 
were produced from 1930 to 1979 for a wide array of applications including hydraulic fluids, 
lubricants and dielectric fluid in transformers most commonly and less commonly for 
fluorescent light bulbs, caulk and carbonless copy paper (Stewart et al. 1999; Grossman 
2013).  Although PCB production was banned in 1979 under the Toxic Substances Control 
Act (TSCA) and concentrations are declining (Sjoden et al. 2004, Noren and Mieronyte 
1998), releases still are occurring from environmental reservoirs (sediment and soil) in the 
Great Lakes basin and from long-lived applications, such as electrical transformers that are 
still in service (EPA 1999). PCBs have been identified as unintentional by-products in 
manufacturing processes (Grossman 2013). They pose a significant environmental hazard for 
three reasons: they are stable (persistent), they are lipid-soluble, and have the potential cause 
adverse health effects in humans and animals (Hooper and McDonald 2000).    
PCBs contain two chlorinated benzene rings connected by a carbon-carbon bond. The 
chlorines can exist anywhere on the benzene rings, resulting 209 different possible congeners 
(Figure 1.1). Because of the aromatic structure of PCBs and the electronegativity of the 
chlorine atoms, these compounds are extremely recalcitrant in the environment with half-
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lives from months to decades (Ballschmiter et al 1978). Their high lipophilicity and 
ability to partition into organic carbon limits the 
water solubility of and results in the highest 
concentrations being found in sediments. PCBs can 
be mobilized into the environment when they are 
ingested by benthic organisms (Eggleton and Thomas 2004). These chemicals are 
passed up the food chain where they bioaccumulate and biomagnify in higher order 
organisms (Van der Oost et al. 2003). The most common congeners for PCB 
bioaccumulation usually have 5-7 halogens bonded to the biphenyl rings (McFarland 
and Clarke 1989; Hooper and McDonald 2000).  Of all the Great Lakes, Lake 
Michigan was found to have the highest concentrated bioaccumulative contaminants 
(Carlsen and Swackhamer 2009).  PCBs also can volatilize from soil and sediment 
reservoirs and be transported globally in the atmosphere due to favorable Henry’s 
Law constants (Meier et al. 2003).   
The concentration of PCBs in fish communities and atmospheric deposition in 
the Great Lakes has significantly declined since the 1990s (Salamova et al. 2013).  
These declines are reflected in the concentrations measured in fish such as Coho and 
Chinook salmon, which show an annual reduction of 4.0% and 2.6%, respectively 
(Rasmussen et al. 2013).  Despite these long-term declines, PCBs concentrations in 
fish still exceed the target of 100 ng/g established in the Great Lakes Water Quality 
Agreement, with levels in Lake  Michigan populations being the highest with a mean 
of 935 ng/g (McGoldrick and Murphy 2016).  
FIGURE 1.1.  PCB GENERAL 
FORMULA FOR CONGENERS  
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Fish consumption is the main route of exposure due to the bioaccumulative nature of 
PCBs (Kostyniak et al. 1999; Fitzgerald et al. 1998), and it is presumed that sport fishermen 
and Native American tribes are at a higher risk for PCB exposure due to increased fish 
consumption (Humphrey and Bud 1996).  Increased consumption of Great Lakes fish by 
sport fishermen was correlated with increased PCB blood serum concentrations (Falk et al. 
1999). Higher proportions of certain PCB profiles were found in Ojibwe Native Americans 
who consume fish caught in the Great Lakes, when compared to other populations that 
consume fish in the same basins (Gerstenberger et al. 2000). 
 Elevated concentrations of PCB have been detected in adipose tissue, blood serum 
and breast milk (Noren and Meironyte, 2000).  Bergonzi et al. (2009) found significant levels 
of PCBs in the blood serum of Italian mothers and transplacental transfer to the fetus was 
reported. Swedish mothers had PCBs exposed to the fetus via blood serum and the exposure 
continued after birth via breast milk (Guvenius et al. 2003). In the Great Lakes Region, PCB 
levels in serum and breast milk have been linked to fish consumption from Lake Michigan 
(Schwartz et al. 1983).  
Serum concentrations of PCBs are associated with metabolic syndrome, liver disease, 
cardiovascular disease, and diabetes (Carpenter 2006; Codru et al. 2007; Ha et al. 2007; Lee 
et al. 2007).  Additional toxic effects of PCBs include changes in neurotransmitter levels and 
reuptake, calcium homeostasis, and cancer (Dreiem et al. 2009; Fonnum et al. 2006; Tilson 
and Kodavanti 1998).  In a Michigan study, low IQ scores in children were correlated with 
PCB exposure in utero (Jacobson and Jacobson 1996). Important data gaps remain for 
nursing infants and an acceptable reference dose for PCB remains elusive after 4 decades of 
study (Cogliano 2016).   
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1.1 Methods of Analysis 
 
Fish were sampled 2003-2006 and 2008-2009 and skin off filets of each fish were analyzed. 
PCBs were extracted from fish tissue with a Soxhlet Extractor (USEPA 1999). Identification 
and quantification of individual PCB congeners was performed by 3 methods including GC-
MS (Gas Chromatography – Mass Spectrometry) with negative chemical ionization (Schmidt 
1997), high resolution GC-MS (USEPA 1999) and  Gas Chromatography with an electron 
capture detector (Carsen et al. 2007). Statistical analyses were performed using R (Version 
3.4.0; Vienna, Austria). 
Study Site 
 
Sample locations were selected for their extensive recreational fishing by both sport anglers 
and tribal populations (Figure 1.2). White Lake, Michigan, is a 10.4 km2 urban drowned river 
mouth lake that is directly connected to Lake Michigan by a navigation channel. The lake is 
part of the White River watershed, which has a drainage basin of 1363 km2. White Lake has 
a long history of environmental issues and  was designated an area of concern (AOC) in 1985 
due to elevated levels of PCBs in fish from anthropogenic discharges, eutrophication and 
habitat loss (EPA 2015).  Over 15,000 yds3 of sediment contaminated with PCBs was 
removed from White Lake in 2003 (EPA 2003).  Muskegon Lake is a 16.8 km2 urban 
drowned river mouth lake and also is connected to Lake Michigan by a channel. The 
Muskegon River discharges into the lake on the east end and has a watershed area of 7033 
km2. Muskegon Lake was identified as an Area of Concern in 1985 by the U.S. 
Environmental Protection Agency due to water quality and habitat problems associated with 
historical discharge of pollutants and the potential adverse effects of the pollutants could 
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FIGURE 1.2. FISH SAMPLING LOCATIONS FOR PCB ANALYSIS (2003-2006 AND 2008-2009). 
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have on Lake Michigan (EPA 2015).  Elevated levels of PCBs were not detected in the 
sediment (Rediske et al. 2002).  Pentwater Lake is a 2 km2 rural drowned river mouth and is 
connected to Lake Michigan by a channel that is regularly dredged for navigation 
(Progressive 2008).  Pentwater River discharges in the east end of the lake and has a 
watershed area of 441 km2 (EPA 1975). Manistee Lake is comprised of 3.4 km2 of urban 
drowned river mouth and its 5031 km2 watershed includes two branches of the Manistee 
River (Big Manistee River and Pine River). Tippy Pond is a 6.1 km2 rural impoundment 
formed by a dam on the Big Manistee River, 40 km east of Manistee Lake. The watershed 
area of Tippy Pond is 2513 km2.  Tippy Dam restricts fish passage from Lake Michigan.   
1.2  Objectives 
 
 This research has three objectives:  
1. Determine the PCB concentrations in walleye (Sander vitreus), northern pike (Esox 
lucius), largemouth bass (Micropterus salmoides) and smallmouth bass (Micropterus 
dolomieu) from Manistee Lake, Muskegon lake, Pentwater Lake, Tippy Pond and 
White Lake.  Because of differences in fish size, prey composition, and lipid content, 
I hypothesize that PCB concentrations will differ among walleye, northern pike, 
largemouth bass, and smallmouth bass. 
2. Investigate the relationship between the geospatial characteristics of the Manistee 
Lake, Muskegon Lake, Pentwater Lake, Tippy Pond and White Lake watersheds and 
PCB concentrations in sport fish species.  I hypothesize that PCB concentrations will 
differ among basins based on population densities, land cover, area, and lake 
morphology.   
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3. Perform a risk assessment concerning the consumption of fish by tribal and sport 
fishermen in Manistee Lake, Muskegon lake, Pentwater Lake, Tippy Pond and White 
Lake.  I anticipate that there will be a different risk associated with PCBs in fish 
consumed by sport fisherman and tribal members for the fish species and Lake 
Michigan tributaries examined. Given the increased consumption of fish in tribal 
members’ diet, I expect a higher risk of PCB exposure.  The risk assessment will be 
conducted on the consumption of walleye, northern pike, largemouth bass, and 
smallmouth bass. 
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Chapter II 
   
2.0  PCB Concentrations in Fish from Lake Michigan Tributaries and 
Species Differences 
 
2.1 Abstract 
 
Persistent organic pollutants (POPs) continue to pose a threat to human and 
environmental health. Polychlorinated biphenyls (PCBs) are considered one of the most 
significant toxic chemicals in the Great Lakes Ecosystem. The objectives of this study were 
to assess PCB concentrations in walleye (Sander vitreus), northern pike (Esox lucius), 
largemouth bass (Micropterus salmoides), and smallmouth bass (Micropterus dolomieu) 
from Lake Michigan tributaries and determine if basin and trophic specific factors were 
correlated with contaminant concentration. Lipids were extracted from 20 g of homogenized 
ground fish and measured with negative chemical ionization mass spectrometry. Differences 
in concentrations between species and basins were analyzed with a one-way ANOVA 
followed by a paired t-test comparison. PCB concentrations were detected in all of the fish 
samples and ranged from 1.148 µg/kg to 1106 µg/kg. Of the four species, PCB 
concentrations in walleye were found to be significantly higher (p < 0.05) than those in 
northern pike, smallmouth bass, and largemouth bass.  Manistee Lake had PCB 
concentrations in fish that were significantly higher than Muskegon Lake, Pentwater Lake, 
Tippy Pond, and White Lake. PCBs in fish from Tippy Pond were significantly lower than 
Manistee Lake, Muskegon Lake, Pentwater Lake, and White Lake. PCA showed 
relationships between fish body mass, length, and lipid content to total PCB concentrations, 
but no correlation with basin size or land cover was observed with respect to total PCB 
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content.  These results can be applied to update fish specific and basin specific advisories and 
current fish consumption limits for high risk populations.  Our study suggests that walleye 
consumption should be reduced relative to largemouth bass, northern pike, and smallmouth 
bass.  
Keywords: POPs, PCB, Great Lakes, fish, negative chemical ionization 
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2.2 Introduction 
 
Polychlorinated biphenyls (PCBs) were used around the world and in the U.S since 
1929 (IARC 1978). The use of PCBs was limited in the United States to enclosed 
applications in 1974 and were completely banned in 1979 with the exception of limited 
research and development (ATSDR 2000). Because PCBs are extremely persistent and 
lipophilic, they are able to bioaccumulate in fat tissues and biomagnify through the food web 
(Helm et al. 2008; Bureau et al. 2004; Fasola et al. 1998; Bergen et al. 1993). PCB 
consumption can lead to adverse health effects such as auditory system impairment, 
cognitive impairment (low IQ), and low birth weight and may affect growth and body size 
during the first years of life (Jusko et al. 2014; Lignell et al. 2013; Patandin et al. 1998; 
Jacobson and Jacobson 1996).  
A significant amount of PCB exposure is dietary (Patandin et al. 1999). Since PCBs 
are soluble in fats and oils, the major U.S. food commodities in which PCBs have been found 
are fish, cheese, eggs, and animal feed (ATSDR 2000).  Fish consumption has been widely 
recognized as a significant source of PCBs due to bioaccumulation (Bjermo et al. 2013; Buck 
Louis et al. 2009). In the Great Lakes area, fish consumption is presumed to be the greatest 
risk for dietary PCB exposure. McGoldrick and Murphy (2005) showed that POPs and more 
specifically PCBs (along with mercury) are still the most concentrated chemicals in lake trout 
(Salvelinus namaycush) and walleye from the Laurentian Great Lakes. Humphrey et al. 
(2000) evaluated PCB serum concentrations in a large cohort study of Lake Michigan 
residents and showed that concentrations in individuals that ate fish were significantly 
higher. In another study, captains of fishing charter boats and sport anglers were found to 
have significantly higher PCB concentrations than the reference group who did not consume 
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fish (Knobelach et al. 2009). The Laurentian Great Lakes contain an abundance of fish 
caught by commercial fishers, local anglers, and native tribes. There are more than 160 
indigenous communities around the Great Lakes that depend on local fish for a substantial 
portion of their diet. Sport fishing in the Great Lakes is a $7 billion annual industry in the 
U.S (Turyk et al. 2012; Southwick Associates 2008) 
Differences in PCB concentrations in fish are driven by several factors. Trophic status 
in the food chain of individual fish species was linked to the amount of total PCB content. 
Also, the conditions of the habitat, feeding behavior, and metabolic factors are all interrelated 
with regards to PCB content in the fish (Brázová et al. 2012). Carlson and Swackhamer 
(2006) found significant differences in PCB concentrations in lake trout among the five Great 
Lakes, with Lake Michigan being highest. Gerstenberger and Dillinger (2002) found 
differences in PCB concentrations in fish based on geographic location of collection and 
species examined. Lake trout and whitefish (Coregonus clupeaformus) contained higher 
concentrations of organochlorine compounds than did walleye. Lake Michigan and Lake 
Huron had higher PCBs in both lake trout and whitefish than Lake Superior. These fish were 
chosen from selected tribal fisheries in the upper Great Lakes region, and the PCBs were 
measured from the edible portion of fish tissue consumed by Ojibwa residing in the upper 
Great Lakes area. In a study on Saginaw Bay and Saginaw River walleye and their prey 
fishes, PCB concentrations and length in walleye were found to be linear between 356 and 
608 mm, but fish at 680 mm were found to be lower than the fish at 608 mm (Jude et al. 
2010). In another study from Lake Huron (Saginaw Bay), male walleye were found to have 
significantly higher PCB concentrations than females, 7.95 and 3.17 mg/kg, respectively 
(Madenjian et al. 2009). Numerous other studies have noted differences in PCB content of 
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fish based on sex, lipid content, length, size, location and land cover (Lavandier et al. 2013; 
Madenjian et al. 2010; Rypel et al. 2007; King et al. 2004). 
In this study, the PCB concentrations in select sport fish species from Lake Michigan 
tributaries were reported and differences between species were assessed to better understand 
the risk of fish consumption.  Because of differences in lipid content, size, and feeding 
habits, it was hypothesized that variation exists among species. In addition, principal 
component analysis (PCA) was utilized to examine basin related factors, including land 
cover, population density, and watershed size, with total PCBs and relating lipid content, 
length, and body mass of fish to total PCBs in fish species.  Based on these data, species 
specific recommendations for fish consumption can be developed on a watershed basis. 
2.3 Methods  
 
 Sampling area  
 
Data used in this study were from two surveys conducted by the Michigan 
Department of Environmental Quality (MDEQ), Annis Water Resources Institute (AWRI; 
Rediske et al. 2012), and Little River Band of Ottawa Indians (LRBOI). Muskegon Lake, 
Pentwater Lake and White Lake were selected for their extensive use for recreational fishing 
(Figure 1.2). Manistee Lake and Tippy Pond were selected by the LRBOI because members 
of the tribe frequently acquire fish from these areas. Manistee, Muskegon, Pentwater and 
White lakes all have channels connected to Lake Michigan, whereas Tippy Pond is an 
impoundment on the Manistee River without any direct connection for upstream fish passage 
to Lake Michigan.  White Lake and Muskegon Lake were both designated as Areas of 
Concern (AOC) due to chemical contamination including PCBs (EPA 2008).  Manistee Lake 
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has a history of PCB contamination from venting groundwater (ATDSR 2009). There was no 
documentation regarding PCB contamination of Pentwater Lake and Tippy Pond. 
Sampling Methods 
 
MDEQ/AWRI fish were sampled during 2003-2006 and 2008 -2009. LRBOI collected 
fish during 2004-2006 and 2008-2009 in Manistee Lake and Tippy Pond via hook and line, 
whereas boat electrofishing was used for capture by the MDEQ in Muskegon Lake, White 
Lake and Pentwater Lake. The species included in the analysis were walleye, northern pike, 
smallmouth bass, and largemouth bass. Each fish was measured (length), weighed, and 
filleted prior to analysis. The labeled fish fillets were stored in a -80oC freezer until analysis. 
Sample Preparation/ Measurement of PCB Congeners  
Fish tissue was prepared by homogenization in a stainless steel blender or Hobart 
4822 grinder.  A 20-g portion of the ground matrix was extracted by Soxhlet extractor as 
specified in EPA method 1668 (USEPA 1999). All samples were spiked with two non-
Aroclor surrogates (IUPAC#65 and IUPAC#166). Both surrogates were used to assess the 
extraction effectiveness for the PCB congener analysis. A matrix spike (MS) and matrix 
spike duplicate (MSD) was performed on 5% of the samples. The MS/MSD samples were 
spiked with six PCB congeners analyzed (IUPAC# 44,101,151,180,185 and 207).  
MDEQ/AWRI PCB Analysis 2003-2006 
 
Whole fish were homogenized in a commercial blender, and approximately 100 g of 
the homogenate was placed in a contaminant-free glass jar, sealed with a lid, and then stored 
at -25 ºC until time of extraction.  The procedure outlined by Carson et al. (2010) was used to 
determine PCB concentrations.  Homogenized subsamples of ground fish were extracted by 
Soxhlet extraction for 4 hours with methanol followed by 18 hours with dichloromethane. 
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Surrogate standards were added to every sample at the beginning of extraction.  A subsample 
was removed for lipid analysis.  The fraction lipid was determined gravimetrically by drying 
the subsample to constant dry weight.  Interferences were removed by liquid-solid 
chromatography using 6% deactivated alumina and eluting with hexane. This extract was 
then placed on a column containing fully activated silica gel over 1% deactivated neutral 
alumina (w/w), with anhydrous sodium sulfate above and below each layer. The column was 
eluted with hexane and concentrated to 1 mL under nitrogen.   
Identification and quantification of individual PCB congeners were accomplished 
with an Agilent 6890 gas chromatograph equipped with an Electron Capture Detector (ECD).  
Separation was achieved by a fused-silica RTX-PCB capillary column (60-m × 0.25-mm i.d, 
0.25-µm film thickness (Restek, Bellefonte, PA, USA).  Column oven temperature was 
programmed from 60 to 180 °C at a rate of 20 °C/min and then to 240 °C at 2 °C/min, to 320 
°C at 5 °C/min with a final hold time of 4 min. Injector temperature was held at 280 and the 
detector temperature was 325 °C. Hydrogen was used as the carrier gas and an external 
standard calibration method was employed.  All samples were spiked with two non-Aroclor 
surrogates (IUPAC#65 and IUPAC#166).  Surrogate recoveries averaged 87 ± 1.56%.   
Procedural blanks were passed through the whole analytical procedure to check for 
interferences and laboratory contamination.  The instrument was calibrated by use of 
individual congener standards at five concentration levels from AccuStandard (New Haven, 
CT, USA).  Total PCB concentration was calculated by summing the concentrations of the 95 
PCB congeners.  Calibration accuracy was based on the ability to analyze Aroclor standards 
and obtain predicted amounts and ratios obtained by Frame et al. (1996).  Additional 
calibration verification was done using the West Coast Fish Studies standard supplied by 
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AccuStandard.  The congeners quantified were 5-9, 12, 16-19, 22, 25, 26, 28, 29, 31-33, 37, 
40-42, 44, 45, 47-49, 52, 56, 60, 64, 66, 70, 71, 74, 77, 83, 84, 87, 91, 92, 95, 97, 99, 101, 
105, 110, 114, 118, 123, 128, 129, 130-132, 135, 138, 141, 146, 149, 151, 153, 156, 158, 
163, 164, 170-172, 174-177, 179, 180, 185, 187, 190, 191, 193-196, 199, 200-203, and 208.  
Appropriate quality control samples (blanks, matrix spikes, and duplicates) were analyzed to 
ensure precision and accuracy.  Method blanks were run at a frequency of 1 per 20 samples 
and the mean ± SE was 0.39 ± 0.05 µg/kg.  Matrix spikes were analyzed at a 5% frequency 
and mean recoveries were 102 ± 2.7%.   
LRBOI PCB Analysis 2008-2009 
 
Fish tissue was prepared by homogenization in a stainless steel blender or Hobart 
4822 grinder.  PCB congener concentrations were determined in the samples using a 
modified negative chemical ionization mass spectrometry method (Schmidt 1997).  
Modifications to this procedure include Soxhlet extraction and a multi-layered anthropogenic 
column to remove oils and some interfering co-extractables (USEPA 1999; Method 1668).  
Lipids were measured gravimetrically by evaporating an aliquot of the Soxhlet extract.    
Identification and quantification of individual PCB congeners were accomplished with an 
Agilent 6890 series, high-resolution, gas chromatograph coupled to a 5973N quadrapole 
mass spectrometer.  Separation was achieved by a fused-silica, capillary column coated with 
DB-XLB (60-m × 0.25-mm i.d.) at 0.25-µm film thickness (J&W Scientific, Folsom, CA).  
Column oven temperature was programmed from 80 to 160 °C at a rate of 40 °C/min and 
then to 170 °C at 10 °C/min, to 250 °C at 4 °C/min, and then to 296 °C at 8 °C/min with a 
final hold time of 10 min. Injector and transfer line temperatures were held at 260 and 250°C, 
respectively. Hydrogen was used as the carrier gas and 13°C-decachlorobiphenyl was used as 
  
 24 
an internal standard.  The mass spectrometer was operated in negative chemical ionization 
mode using methane as a reagent gas. PCB congeners were determined by selected ion 
monitoring (SIM) at the two most intensive ions of the molecular ion cluster.  Reported 
concentrations were not corrected from the recoveries of surrogate standards. Procedural 
blanks were passed through the whole analytical procedure to check for interferences and 
laboratory contamination. The instrument was calibrated by use of individual congener 
standards at five concentration levels from AccuStandard (New Haven, CT, USA). 
Concentrations for 83 PCB congeners were determined and used for total PCB 
concentrations.  The following PCB congeners were analyzed in the fish samples: 6, 8, 9, 16, 
17, 18, 20, 22, 25, 26, 28, 31, 32, 33, 37, 40, 41, 42, 44, 45, 46, 48, 49, 52, 56, 60, 63, 64, 66, 
70, 71, 74, 77, 82, 84, 85, 87, 91, 92, 95, 97, 99, 101, 105, 109, 110, 118, 123, 128, 132, 135, 
137, 138, 141, 144, 146, 149, 151, 153, 156, 158, 163, 167, 170, 171, 172, 174, 176, 177, 
178, 179, 180, 183, 185, 187, 189, 190, 193, 194, 195, 196, 199, 202, 203, 206, and 209.  
Calibration accuracy was based on the ability to analyze Aroclor standards and obtain 
predicted amounts and ratios obtained by Frame et al. (1996).  Additional calibration 
verification was done using the West Coast Fish Studies standard supplied by AccuStandard.  
Appropriate quality control samples (blanks, matrix spikes, and duplicates) were analyzed to 
ensure precision and accuracy.  Method blanks were run at a frequency of 1 per 20 samples 
and the mean ± SE was 0.39 ± .05 µg/kg.  Matrix spikes were analyzed at a 5% frequency 
and recoveries ranged from 93 to 101%.  In addition, the USGS “Check Fish” sample was 
analyzed as a reference material on a quarterly basis (n=4). The results were ±15% of the 
accepted value for PCBs. 
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LRBOI PCB Analysis 2004-2006 
 
PCB congeners in fish were quantified by high-resolution gas chromatography/high 
resolution mass spectrometry (HRGC/HRMS) using USEPA method 1668A (USEPA 1999), 
which quantifies all 209 congeners. Briefly, fish tissue samples were homogenized in a 
commercial Waring Blender and a 20 g portion was spiked with a mixture of 13C-labeled 
PCB compounds (Cambridge Isotope Laboratories, Woburn, MA) and Soxhlet-extracted 
(after being dried with sodium sulfate) with a mixture of methylene chloride:hexane (1:1) for 
18–24 hours and concentrated to near dryness using a macro-concentration device. Hexane 
and a labeled cleanup standard spiking solution were added to the solution; the solution was 
carefully dried, and the lipid content was determined gravimetrically. Subsequently, the lipid 
content in the sample was removed using a column packed bottom to top with 2 g silica gel 
(100–200 mesh), 2 g potassium silicate, 2 g anhydrous sodium sulfate, 10 g acid silica gel 
(30% w/w), and a second 2 g anhydrous sodium sulfate. The column was pre-eluted with 100 
ml of hexane before the sample extract was applied. Then, the extract was concentrated, and 
cleaned up in the same way as the water and sediment samples. In all of the collected 
samples, 2 μl of a labeled injection internal standard spiking solution was added to the final 
sample extract prior to injection. An aliquot of 1–2 μl was injected into the GC using splitless 
injection. 
PCB congener analysis was conducted using a VG Auto Spec-Q mass spectrometer 
connected to a Hewlett–Packard 5890 GC.  Chromatographic separation of the PCB 
congeners was achieved using a 30 m × 0.25 mm i.d. (0.25-μm film thickness) Agilent DB-1 
column. The GC conditions used were those recommended by the USEPA method: injector 
temperature, 270 °C; initial temperature, 75 °C; initial time, 2 min; temperature program, 75–
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150 °C at a rate of 2 °C min−1 and then 150–270 °C at a rate of 2.5 °C min−1; final time, 7 
min. Helium was used as the carrier gas at 1.2 ml min−1 at 200 °C. The HRGC–HRMS 
operating conditions were: ion source and interface temperatures, 250 °C and 275 °C, 
respectively; ionization energy, 35 eV (electron ionization mode), and trap current 300 μA. 
The resolving power was kept at 10,000 (10% valley definition). Verification of resolution in 
the working mass range was obtained by measuring perfluorokerosene (PFK) reference 
peaks. For HRGC–HRMS analysis in the selected ion monitoring (SIM) mode the two most 
abundant isotope peaks from the molecular ion region (M+. and [M+2]+., or [M+2]+. and 
[M+4]+.) of each PCB homologue were used. The ions monitored, their isotopic ratio, the 
defined chromatographic windows, and their associated PFK lock-masses are listed in Table 
1. A dwell time of 50 ms and a delay time of 20 ms were employed. Quantitation was then 
performed on each chromatographic extract using the concentration of the labeled PCB 
(based on its response factor and the concentration of the internal standard), the volume of 
the extract, and the original sample weight or volume.  The recoveries of labeled standards 
were calculated by use of mixtures of labeled compounds (ISS solutions) added before 
HRGC–HRMS analysis; these recoveries were used to check the analysis procedure was 
satisfactory. USEPA Methods 1668A established acceptable recovery ranges between 40 and 
120%. All 209 congeners were included in this analysis. 
Statistical Analysis 
 
 Because of the differences in instrumentation and the large data set, only congeners 
found in all the data sets were used for total PCB concentrations in the fish for the statistical 
comparisons. The congeners included 48, 49, 70, 74, 77, 87, 99, 105, 110, 114, 138, 146, 
151, 156, 170, 172, 177, 180, 187, 191, 194-196, 199, 202, 203, and 208.  
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 R (version 3.4.0; Vienna, Austria) Statistical Package was used for the data analysis. 
Prior to species/basin comparisons via ANOVA, normality tests were performed and the data 
required log10 transformation. Total PCB concentrations were compared among northern 
pike, walleye, smallmouth bass, and largemouth Bass using a one-way ANOVA (α=0.05) 
within each basin. Bartlett’s test was used to test for variance. Variance was not equal on 
each section of data compared with the exception of species within Manistee Lake (p >0.05). 
When equal variance is not assumed, it is more difficult to find significant differences 
between means. Muskegon Lake, Pentwater Lake, White Lake, and Tippy Pond all showed 
significant differences without the equal variance.  We used a pairwise t-test (Holmes post 
hoc adjustment) to further determine the species with the highest concentrations.    
Total PCB concentration were compared among Manistee Lake, Muskegon Lake, 
Pentwater Lake, Tippy Pond and White Lake using one way ANOVA. Basins were 
compared within each species to avoid bias due to species differences. All data were log10 
transformed to achieve normality (p > 0.05). Bartlett’s test was used to test for equal variance 
and the data did not have equal variance (p < 0.05). 
Length, lipid content and mass were compared among species within each basin and 
among basins within each species to identify the possibility of these factors influencing PCB 
content. ANOVA was conducted on the data sets with a normal distribution and Kruskal 
Wallace was used to compare data when non-normal distributions were present. Shapiro-
Wilks normality test was used to test for normality. A pairwise t-test was conducted with 
Holm’s post hoc adjustment to compare numbers between groups for both parametric and 
nonparametric tests.   
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Arc GIS (Geographic Information System) was used to determine land cover and 
basin size for each of the watershed. Relationships among these variables, population 
densities and PCB concentrations were determined using PCA.  The land cover was 
standardized based on watershed size and proportions were used instead of square 
kilometers. Four land cover parameters were removed after the initial PCA was performed 
due to having similar correlations to other land cover parameters: low population density, 
medium population density, shrub/scrub and developed open space. To determine which 
factors played the largest roles in species differences, PCA also was used to compare the 
influence of lipid content, length of fish, size of fish and PCB concentrations. Correlation 
biplots were used to represent relationships between land cover and PCBs. Correlation 
biplots also were used to determine relationships between Species, total PCBs, length, % 
lipids and mass. 
2.4  Results  
 
Fish Distribution 
 
A total of 139 samples were taken from the study sites. Northern pike and walleye 
were found in all of the basins, whereas smallmouth bass were only collected in Muskegon, 
White, and Pentwater lakes. Largemouth bass were caught only from Manistee Lake and 
Tippy Pond. A distribution of the samples by species and basins is included in Figure 2.1.  
 
  
 29 
 
FIGURE 2. 1.  SAMPLING DISTRIBUTION OF FISH BY SPECIES ACROSS BASINS. 
 
 
PCB Concentrations 
 
  Mean PCB concentrations for each species are summarized in Table 2.1. Walleye had 
both the broadest range and highest concentrations in all of the lakes with PCB 
concentrations ranging from 1.709 to 1106 µg/kg. The highest mean PCB concentration was 
in Manistee Lake walleye (653.5 µg/kg).  Walleye was significantly higher than the other 
species in three basins (p < 0.05) with the highest averages of 653.5, 453.0, and 5.195 µg/kg 
from Manistee, Muskegon, and White lakes, respectively (See Figure 2.2, 2.3, and 2.4 for 
boxplots of transformed data). Walleye had significantly higher % lipids in Manistee Lake, 
Muskegon Lake, and White Lake than the other species (p < 0.05). Walleye and northern 
pike were significantly longer than other species in Manistee and White Lake (p < 0.05). 
Largemouth bass had PCBs ranging from 9.730 to 106.6 µg/kg.  Only White Lake showed 
largemouth bass as significantly higher than northern pike (p < 0.05). Largemouth bass had 
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significantly higher lipid content than northern pike in White Lake (p < 0.05). Smallmouth 
bass had PCBs ranging from 1.148-240.0 µg/kg. Smallmouth bass was not significantly 
higher in PCBs than any fish species in either Manistee Lake or Tippy Pond. Northern Pike 
had PCB concentrations ranging from 2.864 to 245.9 µg/kg.  No statistical differences were 
found between smallmouth bass, largemouth bass, and northern pike in Manistee Lake, 
Muskegon Lake, Pentwater Lake and Tippy Pond.  
  PCA analysis showed a strong positive correlation of total PCBs with mass and a 
moderate correlation with % lipid content (Figure 2.5). This was indicative of the mass and 
lipid vectors going in the same direction as the total PCB vector. Walleye were mostly 
driving the mass and total PCB relationship.  Walleye and northern pike drove most of the 
correlation of total PCBs and % lipid content. 
TABLE 2.1. STATISTICAL SUMMARY OF PCB CONCENTRATIONS BEFORE LOG 
TRANSFORMATIONS. 
Statistical Summary of All the Fish data Before Transformation (µg/kg) 
Lake Species Mean Range Number 
Manistee Lake 
Northern Pike 96.82 25.78-245.9 16 
Smallmouth Bass 104.0 33.00-240.0 14 
Walleye 653.5 40.00-1106 4 
Muskegon Lake 
Largemouth Bass 32.89 11.41-78.50 10 
Northern Pike 27.83 8.140-62.82 7 
Walleye 182.9 22.51-726.9 13 
Pentwater Lake 
Largemouth Bass 32.55 9.730-106.6 10 
Northern Pike 29.92 3.790-94.35 10 
Tippy Pond 
Northern Pike 4.737 2.864-9.439 12 
Smallmouth Bass 3.209 1.148-7.156 9 
Walleye 5.195 1.709-12.00 10 
White Lake 
Largemouth Bass 52.17 23.39-104.0 10 
Northern Pike 25.03 4.930-53.00 10 
Walleye 453.0 107.1-905.8 3 
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FIGURE 2. 2.  BOXPLOT OF LOG10 PCB CONCENTRATIONS IN SPECIES IN MANISTEE LAKE 
(DISPLAYING MINIMUM, FIRST QUARTILE, MEDIAN, THIRD QUARTILE, AND MAXIMUM). 
 
 
 
 
 
FIGURE 2. 3.  BOXPLOT OF LOG10 PCB CONCENTRATIONS IN SPECIES IN MUSKEGON LAKE 
(DISPLAYING MINIMUM, FIRST QUARTILE, MEDIAN, THIRD QUARTILE, AND MAXIMUM). 
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FIGURE 2. 4.   BOXPLOT OF LOG10 PCB CONCENTRATIONS IN SPECIES IN WHITE LAKE 
(DISPLAYING MINIMUM, FIRST QUARTILE, MEDIAN, THIRD QUARTILE, AND MAXIMUM). 
  
FIGURE 2. 5.  PCA CORRELATION PLOT RELATING TOTAL PCB CONTENT (T) WITH 
PERCENT LIPID CONTENT (LP), LENGTH (LN) AND BODY MASS (M).  % VARIATION 
EXPLAINED: PC1-65.3% AND PC2-22.4% 
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Manistee Lake had both the largest range and highest PCB concentrations (25-1106 
µg/kg). Mean PCB concentrations for walleye (653 µg/kg) were significantly higher than 
Muskegon Lake and Tippy Pond. northern pike mean concentrations (96 µg/kg) in Manistee 
Lake were significantly higher than its counterparts in Muskegon Lake, Pentwater Lake, 
Tippy Pond, and White Lake (See Figure 2.6 and 2.7; p < 0.05). In addition, northern pike 
and walleye PCB concentrations showed Tippy Pond as significantly lower in PCB 
concentrations than Manistee Lake, Muskegon Lake, Pentwater Lake and White Lake with 
mean concentrations of 4.74 and 5.20 µg/kg, correspondingly (p < 0.05).  Walleye from 
Manistee Lake had significantly more lipid content than walleye from Muskegon Lake and 
Tippy Pond, but no statistical difference was observed for White lake or Pentwater Lake 
from Manistee Lake. Tippy Pond had individual PCB concentrations ranging from 1.2-12. 
µg/kg. No significant differences were found among Muskegon Lake, Pentwater Lake and 
White Lake with PCB concentrations ranging from 8.1-726 µg/kg, 3.9-107 µg/kg, and 4.9-
9056 µg/kg, respectively (p > 0.05).  
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FIGURE 2. 6.  BOXPLOT OF LOG10 PCB CONCENTRATIONS IN NORTHERN PIKE AMONG 
BASINS (DISPLAYING MINIMUM, FIRST QUARTILE, MEDIAN, THIRD QUARTILE, AND 
MAXIMUM). 
 
 
 
FIGURE 2. 7.  BOXPLOT OF LOG10 PCB CONCENTRATIONS IN WALLEYE AMONG BASINS 
(DISPLAYING MINIMUM, FIRST QUARTILE, MEDIAN, THIRD QUARTILE, AND MAXIMUM). 
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Geospatial Data 
 
PCA of land cover, basin size, and population density (Table 2.2) showed a positive 
correlation of total watershed size and total PCBs (Figure 2.8). In addition, positive 
correlations also were found with total PCBs, open water, and mixed forest. The Manistee 
Lake data points over mixed forest indicate that Manistee Lake is more of a driver in the 
correlation than total PCBs themselves. Correlations of total PCBS with open water was 
mainly driven by Muskegon Lake as indicate by data points over that vector. 
TABLE 2.2.  LAND CLASSIFICATION AREAS (KM2) IN THE WEST MICHIGAN WATERSHEDS. 
 
 
TABLE 2.2 (CONTINUED).  LAND CLASSIFICATION AREAS (KM2) IN THE WEST MICHIGAN 
WATERSHEDS. 
  
 
 
 
 
Watershed
Barren Land 
(Rock/ 
Sand/ Clay 
Cultivated 
Crops
Deciduous 
Forest
Developed, 
High 
Intensity
Developed, 
Low 
Intensity
Developed, 
Medium 
Intensity
Developed, 
Open 
Space
Emergent 
Herbaceous 
Wetlands
Manistee Lake 7.72 361.44 1,927.97 3.01 61.58 11.13 225.33 77.89
Muskegon Lake 13.27 854.48 2,155.49 16.36 177.53 44.91 360.36 208.09
Pentwater Lake 0.92 130.43 110.32 0.46 14.8 2.06 15.88 11.89
Tippy Pond 4.18 179.92 926.07 0.55 28.19 3.96 116.98 31.48
White Lake 2.24 192.24 529.52 1.42 30.73 4.69 59.98 31.91
Watershed
Evergreen 
Forest
Grassland/ 
Herbaceous
Mixed 
Forest
Open 
Water
Pasture/
Hay
Shrub/
Scrub
Woody 
Wetlands
Total 
Watershed
Manistee Lake 619.47 568.17 238.89 68 92.53 258.9 508.75 5030.81
Muskegon Lake 435.79 490.25 185.36 294.1 520.17 216.2 1,060.43 7032.76
Pentwater Lake 26.01 42.92 5.21 4.71 19.61 8.35 47.04 440.61
Tippy Pond 303.07 346.42 85.67 39.19 46.87 152.2 248.3 2513.03
White Lake 112.75 98.82 40.37 21.16 48.41 42.2 146.18 1362.62
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FIGURE 2. 8.  PCA CORRELATION PLOT RELATING BARREN LAND (B), CULTIVATED CROPS 
(C), DECIDUOUS FOREST (FD), HIGH POPULATION DENSITY (DH), EMERGENT HERBACEOUS 
WETLANDS (WH), EVERGREEN FOREST (FE), GRASSLAND/HERBACEOUS (G), MIXED FOREST 
(FM), OPEN WATER, PASTURE/HAY (P), WOODY WETLANDS (WW), AND TOTAL WATERSHED 
SIZE (TW) TO TOTAL PCB CONCENTRATIONS (T). % VARIATION EXPLAINED: PC1-59.8% 
AND PC2-25.8% 
 
 
2.5 Discussion 
The highest reported mean in this data set was walleye from Manistee Lake, at 654 
µg /kg. This was lower than means reported for the Muskegon, Manistee, and Au Sable 
Rivers with PCB concentrations averaging greater than 3000 µg /kg (Giesy et al. 1994).  The 
fish for Giesy et al. 1994 were collected in 1990 and do not reflect the continued decline of 
PCBs in Great Lakes Fish (Rasmussen et al. 2014).  Fish collected below the dams were 
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statistically higher in PCB concentration than organisms collected in impoundments, 
illustrating the importance of the ability of fish to pass from Lake Michigan to the tributaries.  
In a latter study, Lake Michigan lake trout and walleye collected in 2008-2012 had mean 
concentrations of 935 µg/kg (McGoldrick and Murphey 2015).  This mean reflects the effects 
of higher PCB concentrations in the Lake Michigan food web. 
PCB concentrations found in this study do not exceed the suggested FDA 
consumption limit of 2.0 mg/kg in fish (ATSDR 2014).  The FDA risk assessment was 
performed by assuming that the tolerance level of 2 mg/kg would be the maximum 
concentration in fish encountered by a heavy fish consumer, and that PCB concentrations in 
fish consumed would be distributed below 2 ppm in a manner reflecting a mix of fish from 
diverse sources (Cordle 1982).  High risk populations, such as sport and Native American 
anglers, consume larger amounts of fish over shorter amounts of time than the general public 
and, therefore, could bioaccumulate PCB concentrations more quickly and in larger amounts. 
They also tend to consume fish from local sources and would have a diet different than that 
used for the development of the FDA tolerance limit.  A further assessment of the exposure 
of tribal and sport fishermen should be completed with regards to fish consumption to 
determine if the concentrations in these fish are of concern. 
Walleye is a popular sport fish caught by anglers, and the results suggest that fish 
consumption of walleye should be reduced in comparison to largemouth bass, northern pike 
and smallmouth bass. Walleye were found to have the highest PCB concentrations in the 
analysis. The large range of PCB concentrations in the species indicates that metabolic and/or 
life history factors of the species are influencing PCB concentrations in walleye rather than 
environmental factors. Lipid content explains some, if not most, of the differences observed 
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among species in each of the lakes. This is confirmed with the PCA showing body mass and 
% lipid increased with PCB concentrations of all the species. In addition, age and feeding 
rituals were not accounted for in this study and could have some influence over the PCB 
concentrations. For example, in terms of bioaccumulation of PCBs, the older the fish, the 
more the PCBs tend to bioaccumulate (Vives et al. 2004). Lastly, fishes in this study were 
not sexed and previous studies have shown that male fish tend to have significantly higher 
PCB concentrations than female fish (Maidenjian et al. 2010; Maidenjian et al. 2009). It is 
possible that the sex of the fish could lead to some bias in the different fish species and/or 
basins. 
Manistee Lake, Muskegon Lake, Pentwater Lake, Tippy Pond and White Lake are 
popular lakes for sport anglers and tribal members. This data set indicates that fish in 
Manistee Lake are among the highest in PCB concentrations and fish in Tippy Pond have the 
lowest PCB concentrations. Although Manistee Lake fish had significantly higher lipid 
content than Muskegon Lake and Tippy Pond, the higher PCB content was not solely driven 
by the higher % lipids. Manistee Lake fish were significantly higher in PCB levels than 
White Lake and Pentwater Lake as well, even though no statistical differences were found in 
lipid content among in each species. This data set did show a positive relationship of total 
PCBs to watershed size, mixed forest and total open water. Manistee Lake was the driver due 
to having the highest PCB concentrations in fish and also the most mixed forest. Muskegon 
Lake had higher PCB concentrations in fish, as well as being the largest watershed, and can 
explain the relationship of total PCBs to area of open water. Total watershed size variation is 
explained by Manistee and Muskegon Lake having the largest watersheds and also having 
the highest PCB concentrations in fish. These results are different than King et al. (2004), 
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which related total PCBs in white perch (Morone Americana) to the amount and spatial 
arrangement of developed land in watersheds surrounding Chesapeake Bay. Percent 
commercial land accounted for 99% of the variability in PCB concentrations. One 
explanation for this could be differences in past contamination. Manistee Lake may have 
been the highest in PCB concentrations due to past PCB contamination via ground water 
(ATSDR 2009). This contaminated groundwater could still be venting in the benthic zone 
and contaminant levels may be bioaccumulating in the food web.  Additionally, White Lake 
and Muskegon Lake were both designated AOC by the EPA due to extensive industrial 
pollution, including PCBs (EPA 2008). Pentwater Lake had no known prior history to PCB 
contamination due to anthropogenic pollution. Lastly, Tippy Pond being the lowest of the 
five basins, it has the least amount of commercial land and had no known prior history to 
PCB contamination.    
  Although some of the variation could be explained by disparities in the contaminant 
history, the lack of correlation with land cover could also be due to fish migration patterns. 
With the exception of Tippy Pond, the lakes are open to Lake Michigan via a channel and the 
migration of fish may be the more likely reason for higher PCB concentrations. Tippy Pond 
is the only basin that is impounded from any river or channels to Lake Michigan and could 
be protected from biotransport of PCBs (Gerig et al 2015). Since Tippy Pond is an 
impoundment of the Manistee River and the River feeds into Manistee Lake, our results are 
consistent with the hypothesis that fishes above the dam are significantly lower than fishes 
below the dam.  Giesy et al. (1994) measured persistent pollutants in fish samples below and 
above dams of three Lake Michigan tributaries, including the Manistee River. Our data 
confirmed the significantly lower PCB levels in the fish samples above the dam than below.  
  
 40 
In addition, Janetski et al. (2012) showed pollutant inputs from the salmon were more 
correlated with PCB concentrations than land cover in Lake Michigan tributaries.  Most 
importantly, walleye was the only species of the four tested that migrate to and from Lake 
Michigan, which would provide additional support as to why PCB concentrations were so 
high in that particular species..  
 Significant differences among fish species and basins can be used to update fish 
advisories and consumption limits and allow species-specific or basin-specific advisories for 
PCBs that can be focused on high risk groups. Studies of PCB levels in Great Lakes fishes 
are especially pertinent in Michigan because more Great Lakes fish are consumed by 
Michigan residents than any other state in the country (Imm et al. 2005).  Even though 
concentrations did not exceed the FDA limits, a full risk assessment needs to be done to 
determine if the PCB concentrations in these fish is of concern for high-risk populations such 
as tribal and sport anglers. 
2.6  Conclusions 
 The data in this study showed significant differences among species and basins with 
respect to PCB concentrations found in fish tissue. Walleye was found to be significantly 
higher than largemouth bass, northern pike, and smallmouth bass, presumably due to the 
higher lipid content found in the species and species migration. These results indicate that 
walleye consumption by sensitive populations should be reduced in respect to the other 
predator fish sampled. In addition, Manistee Lake had significantly higher PCB 
concentrations in fish tissue than the other basin examined in this study. This is particularly 
concerning because all of the species found were higher than their counterparts in other 
basins. Manistee Lake is of definite concern in regards to fish consumption, particularly for 
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specific human populations with a higher fish intake, such as tribal and sport anglers. Tippy 
Pond was found to be significantly lower than the other basins most likely due to the 
impoundment being isolated from Lake Michigan. Because fish cannot migrate upstream into 
Tippy Pond, PCB transport from Lake Michigan is minimal. Anglers should have a lower 
PCB exposure consuming fish from Tippy Pond in comparison to the other four basins. This 
study provides important information for the development of basin specific and species 
specific fish advisories for sensitive populations in west Michigan. 
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Chapter III 
3.0 Fish Consumption Risk Assessment for Sport and Tribal Fishermen in 
West Michigan Drowned River Mouth Lakes 
 
3.1  Abstract 
 
PCBs in the Great Lakes’ ecosystem pose an elevated risk to Great Lake sport anglers 
and tribal members due to their increased fish consumption. In this study, a fish consumption 
exposure and risk assessment was performed on populations of Michigan sport anglers and 
the Little River Band of Ottawa Indians. Specifically, the exposures to PCBs in largemouth 
bass, northern pike, smallmouth bass, and walleye consumed by sport anglers and tribal 
members were compared across five basins including Manistee Lake, Muskegon Lake, 
Pentwater Lake, Tippy Pond, and White Lake. For the risk assessment, exposures were 
compared to the IRIS (Integrated Risk Information System) reference dose of 0.00002 
mg/kg·d-1. Lipids were extracted from 20 g of homogenized ground fish and measured with 
high resolution, negative chemical ionization and electronic detection mass spectrometry. 
Based on fish consumption alone, LRBOI tribal fishermen had 4x the exposure of sport 
anglers. All basins and species had samples that exceeded the Aroclor 1254 reference dose 
for tribal members. The average of all the fish species analyzed out of Manistee Lake were 
10x the reference dose of Aroclor 1254 for tribal members. For sport anglers, all average 
PCB exposures from Manistee Lake exceeded the reference dose, but only the walleye 
average exposure was 10x the reference dose for sport anglers. White Lake had walleye 
averages exceeding 10x the Aroclor 1254 reference dose. Walleye averages exceeded 10x the 
Aroclor 1254 reference dose in Manistee, Muskegon, Pentwater and White lakes for tribal 
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members. These results suggest that sport and tribal members are at an increased risk when 
consuming walleye and fish from Manistee and White lakes.  
Keywords: PCB, bioaccumulate, mass spectrometry, Aroclor 1254, risk assessment, exposure 
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3.2  Introduction 
 
Exposure to most persistent organic pollutants occurs mainly through the ingestion of 
food (Moser and McLachlan 2002; Patandin et al 1999). Consuming fish has numerous 
health benefits, including a reduced risk of strokes, heart attacks and rate of cognitive decline 
(Djousse et al. 2012; Morris et al. 2005). However, fish consumption is the largest 
contributor of total PCBs in the diet (Duarte-Davidson and Jones 1994). Therefore, human 
populations with large amounts of fish in their diet are at an increased risk for PCB exposure 
(Humphrey and Budd 1996). PCBs bioaccumulate and biomagnify in the environment and 
organisms due to lipid solubility, recalcitrance, and slow metabolic/depuration rates (Hooper 
and McDonald 2000; Cunningham 2012). 
PCB exposure is of concern due to adverse human health effects. In utero exposure to 
contaminated Great Lakes fish by mothers resulted in impaired intellectual functioning in 
infants and young children, decreases in short term memory processing and verbal 
competence, lower IQ, and impaired growth (Jacobsen et al. 1985; Jacobsen et al. 1990; 
Jacobsen et al. 1992; Jacobsen and Jacobsen 1996; Walkowiak et al. 2001; Stewart et al. 
2008).  Adults with increased exposure to PCBs exhibited memory and learning impairment 
(Schantz et al. 2001). PCB concentrations are correlated with hepatic enzyme induction (liver 
enlargement and cancer) and hypothyroidism (Li and Hansen 1996). 
Native American tribes in the Great Lakes region have a long history of relying on 
fish as a major part of their diets, using fish as part of commercial fisheries, and valuing fish 
for their cultural and social importance (Dellinger 2004). This increased rate of fish 
consumption presents a higher risk of exposure to contaminants bioaccumulated by fish 
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(Gerstenberger et al. 2000).  Mohawk women, along the St. Lawrence River, were found to 
have a positive correlation between fish consumption and PCB serum concentrations 
(Fitzgerald et al. 2004). PCB congener profiles were similar between PCBs found in the 
blood serum of Ojibwe Native Americans and the profiles found in the fish they consumed 
(Gerstenberger et al. 2000).  Study of serum PCB profiles in Native Americans from 
Wisconsin, a dietary group consuming predator fish from Lakes Michigan and Superior, had 
the highest total PCB serum concentrations compared to dietary groups least dependent on 
fishing or fishing mostly from inland lakes (Schaeffer et al. 2006). 
Sport anglers and their families are presumed to be at an increased risk due to greater 
levels of fish consumption. Blood serum concentrations of frequent consumers of Great 
Lakes fish (sport anglers) were correlated with increased consumption of Great Lake fish 
(Falk et al. 1999; He et al. 2001). Frequent consumers of Great Lakes sport-caught fish had 
significantly higher PCB blood serum levels than non-consumers (Hanrahan 1999; Turyk et 
al. 2006).   
The purpose of this study was to determine the PCB exposure of members from the 
Little River Band of Ottawa Indians (LRBOI) and Michigan sport anglers from consuming 
largemouth bass, northern pike, smallmouth bass, and walleye in five Lake Michigan 
Tributaries, which include Manistee Lake, Muskegon Lake, Pentwater Lake, Tippy Pond, 
and White Lake. More specifically, what are the different risk exposure levels between 
Michigan anglers and tribal members? Are tribal members at greater risk than sport anglers 
when consuming fish from Manistee Lake, Muskegon Lake, Pentwater Lake, White Lake, 
and Tippy Pond? Based on increased fish consumption of LRBOI compared to sport anglers, 
it is hypothesized that tribal members are at an increased risk for PCB exposure.  
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3.3  Methods 
 
Sampling Area 
 
The sampling area included five Lake Michigan tributaries, from two surveys 
conducted by AWRI, MDEQ, and LRBOI, including Manistee Lake, Muskegon Lake, 
Pentwater Lake, Tippy Pond and White Lake (Chapter II; Figure 1.2). Manistee Lake and 
Tippy Pond were chosen by LRBOI due to the frequency of tribal fishing, whereas 
Muskegon Lake, Pentwater Lake, and White Lake were chosen by MDEQ and AWRI for the 
recreational fishing that occurs. Tippy Pond is the only tributary that is impounded from 
Lake Michigan; the other four lakes have a channel connecting them to Lake Michigan. The 
tributaries have a variety of backgrounds in regards to contamination history, size, and land 
cover (Chapter I; Study Site and Chapter II; Study Area).   
Sampling Methods 
 
Walleye (Sander vitreus), northern pike (Esox lucius), smallmouth bass (Micropterus 
dolomieu), and largemouth bass (Micropterus salmoides) were sampled out of the five basins 
by AWRI and MDEQ during 2003-2006 and 2008-2009 via electrofishing and by the LRBOI 
during 2004-2006 and 2008-2009 via hook and line. 
Sample Preparation  
 
Fish filets were homogenized in a blender and a soxhlet extractor was used to extract 
lipids from a 20g sample for analysis as specified in EPA method 1668 (USEPA 1999). They 
were stored in a -80°C freezer until analysis. Spikes and surrogates are previously described 
(Chapter II; Sample Preparation).   
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Measurement of PCBs  
 
Complete congener profiles for each GC/MS method can be found in Chapter II 
methods. For this study, only congeners measured that are found in Aroclor 1254, according 
to Frame et al. (1996) were used and are listed for each data set. 
AWRI/MDEQ Samples from 2003-2006 
 
 A modified negative chemical ionization mass spectrometry method determined PCB 
congener concentrations in samples (Schmidt 1997). The specific GC method can be found in 
Chapter II. For this study only the congeners found in Aroclor 1254 were included in the 
PCB concentrations. The congeners included were: 1, 4/10, 5, 6, 7, 8, 9, 13/27, 16, 17, 18, 
19, 20/33, 22, 24, 25, 26, 28, 29, 31, 32, 37/64, 40, 41,42, 44, 45, 46, 47, 48/49, 52,53, 56/84, 
60, 63, 66/91, 70, 71, 74, 77, 81, 82, 83, 85, 87, 92, 95, 97, 99, 101, 105, 109/123, 110, 114, 
115, 118, 124, 128, 130, 131, 132/153, 134, 137, 138, 135, 141, 144, 146, 149, 151, 156, 157 
, 158, 163, 164, 167, 170, 171, 172, 174, 175, 176, 177, 178, 179, 180, 183, 185, 187, 189, 
190, 191, 193, 194, 195, 196, 197, 199, 200, 201, 202, 203, 205, 206, 207, 208, and 209. 
AWRI/MEDEQ and LRBOI Samples from 2008-2009 
 
Gas Chromatograph equipped with an electron capture detector (GC-ECD) was used 
to analyze PCBs. The specific GC-ECD method can be found in Chapter II.  Congeners 
found in Aroclor 1254 measure with this method include: 8, 28, 18, 21/20/33, 48/49, 66, 
43/52, 44, 56, 77, 70, 74, 83/119, 105, 99, 114, 118, 87, 110, 1 3/107/109, 90/101, 151, 
153/168, 167, 128/162, 137, 156, 158/129, 146, 147/149, 138, 170, 172, 177, 178, 183, 187, 
180, and 202. 
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LRBOI Samples from 2004-2006 
 
LRBOI samples were measured with high resolution GC/MS. The specific GC-MS method 
can be found in Chapter II. The congeners included in Aroclor 1254 measured include: 102, 
103, 105, 110, 115, 118, 122, 123/107/109, 124, 128/162, 130, 131/142/133, 132, 134, 135, 
136, 137, 138, 141, 144, 146, 147/149, 151, 153/168, 156, 158/129, 160/163, 164, 167, 17, 
171, 171, 172, 174, 176, 177, 178, 179, 18, 180, 183, 187, 190, 202, 21/20/33, 28, 31, 40/68, 
43/52, 44, 47, 48/49, 53, 56, 57, 60, 63/76, 64, 66, 70, 71, 74, 77, 8, 82, 83/119, 84/89, 85, 
87, 90/101, 91, 92, 95, 96, 97, and 99. 
Exposure Assessments 
 
Individual exposure assessments were completed for PCB data for fish in each basin 
and between species of fish for both tribal members and sport fisherman. The methods for 
this were based on the EPA (2000) Guidance for Assessing Chemical Contaminant Data for 
use in Fish Advisories.  
The following formula was used for the assessment of fish contaminant data for individual 
species:                           
 
where Em is the individual exposure to chemical contaminant m (in this case, PCB or PBDE) 
from ingesting fish in units of mg/kg∙d-1, Cm is the concentration of chemical contaminant m 
in the edible portion of fish in units of mg/kg, CR is the mean daily consumption rate of fish 
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in units of  kg/day (depends on the population being studied, LRBOI or Michigan sport 
anglers), and BW is the body weight of an individual consumer in kg (Table 3.1).   
TABLE 3.1. MEAN BODY WEIGHTS OF CHILDREN AND ADULTS IN THE U.S. (U.S. EPA 1990A) 
Age Group 
MEAN BODY WEIGHT (KG) 
Males Females 
Males and Females 
(Averaged) 
Adults 78 65 70 
Women of reproductive age - 64 - 
Children <6 15 14 14.5 
 
Both recreational and tribal angler exposure to PCB levels were calculated based on 
available information. The LRBOI conducted a survey in 2005 regarding fish and wildlife 
trends (S. Ogren, personal communication, 12/22/2009) .They determined the “at risk” 
population to be the individuals of the tribe who kept and consumed 100% of their catch 
more than 25 days/year. The consumption rate for the LBRIO tribe was estimated at 43.8-
78.8 kg of fish per year.  For this study, an average of 61.3 g/day was used as a reference for 
members of the LRBOI tribe.  Murray and Burmaster (1993) used data from the 1989 
Michigan Sport Anglers Fish Consumption Survey to examine fish consumption rates among 
different groups, which included “… all Michigan sport anglers who purchased a 1987 
annual fishing, senior fishing, sportsman, or special salmon snagging license.” The study 
population excludes all non-resident Michigan fishing license holders as well as persons who 
purchased only special one-day licenses permitting them to fish in Michigan waters” (West et 
al. 1989). Table 3.2 contains a number of estimates from two different sources that will be 
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used for values of sport anglers. For this study, 45g/day was used for fish consumption by 
Michigan sport anglers. 
TABLE 3.2. DIFFERENT FISH CONSUMPTION RATES FOR AVERAGE AMERICAN ADULT, CHILD 
AND DIFFERENT RATES FOR SPORT ANGLERS AND THEIR FAMILIES 
 
Risk Assessment 
 
In order to assess the risk of fish consumption in the LRBOI and Michigan Angler 
Groups, the exposures calculated were compared to the reference dose for PCBs. Aroclor 
1254 is the standard reference dose used for total PCBs, and the reference dose for Aroclor 
1254 is 2.0E-05 mg/kg·d-1 as defined in IRIS.  A reference dose is a daily ingestion level 
anticipated to be without adverse effect to persons, including sensitive populations, over a 
lifetime (ASTDR 2000). The formula to calculate the degree of the risk is as follows: 
 
 
where exposure (Em) is the individual’s exposure to total PCBs as calculated above and RfD 
is the reference dose. If the ratio >1, then the individual is at an increased risk for adverse 
health effects.  
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3.3  Results  
  
PCB Concentrations in Fish Populations by Basin 
 
Total concentrations of Aroclor 1254 in all the fish across basins (Table 3.3) averaged 
0.003-0.590 mg/kg with the highest concentrations being found in walleye from Manistee 
Lake (0.029-0.996 mg/kg). Of the species examined, walleye tended to have the highest 
average concentration of Aroclor 1254 across the basins with the exception of Tippy Pond 
where walleye was no different than the other species measured. Tippy Pond had the lowest 
measured PCB concentrations in northern pike, smallmouth bass, and walleye with means of 
0.004, 0.003, and 0.004 mg/kg respectively.  
Exposure Assessment 
 
Tribal members have a 4X greater exposure rate compared with sport anglers due to 
increased fish consumption levels (Table 3.4). Exposures for Michigan sport anglers ranged 
from 6.28E-07 to 7.02E-04 mg/kg·d-1.  Exposures for LRBOI ranged from 3.57E-06 to 
3.44E-03 mg/kg·d-1. Both groups showed the highest exposures to PCBs when consuming 
walleye from Manistee Lake. Tribal members’ average exposure was 10x that of the Aroclor 
1254 reference dose in all species of fish from Manistee Lake (Table 3.4; Figure 3.1 and 3.2) 
and walleye from Muskegon and White Lakes. Average tribal member exposures exceeded 
the Aroclor 1254 exposure <10x in largemouth bass and northern pike from Muskegon Lake, 
largemouth bass and northern pike from Pentwater Lake, and largemouth bass and northern 
pike from White Lake. Sport angler exposures exceeded the Aroclor 1254 reference dose in 
all three species from Manistee Lake, but only walleye were 10x the reference dose. Sport 
anglers exceeded the Aroclor 1254 reference dose for largemouth bass and walleye from 
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Muskegon Lake, and largemouth bass and walleye (10x the reference dose) from White 
Lake. 
TABLE 3.3. STATISTICAL SUMMARY OF AROCLOR 1254 CONCENTRATIONS IN FISH SPECIES 
BY BASIN (MG/KG) 
Lake Species Mean Range 
Manistee 
Lake 
Northern Pike 0.074 0.025-0.158 
Smallmouth 
Bass 
0.100 0.027-0.225 
Walleye 0.590 0.029-0.996 
Muskegon 
Lake 
Largemouth 
Bass 
0.040 0.010-0.162 
Northern Pike 0.023 0.006-0.059 
Walleye 0.148 0.018-0.626 
Pentwater 
Lake 
Largemouth 
Bass 
0.025 0.009-0.089 
Northern Pike 0.026 0.002-0.086 
Tippy Pond 
Northern Pike 0.004 0.002-0.009 
Smallmouth 
Bass 
0.003 0.001-0.006 
Walleye 0.004 0.001-0.009 
White Lake 
Largemouth 
Bass 
0.034 0.004-0.083 
Northern Pike 0.021 0.004-0.048 
Walleye 0.403 0.097-0.812 
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TABLE 3.4.  EXPOSURE IN MG/KG·D-1 FOR INDIVIDUAL SPECIES BY BASINS BASED ON AN 
AVERAGE CONSUMPTION RATE OF 0.16 KG PER DAY FOR LRBOI AND  0.045 KG PER DAY 
FOR SPORT ANGLERS. CONCENTRATIONS EXCEEDING THE REFERENCE DOSE OF 2.0E-05 
MG/KG·D-1 BY LESS THAN A FACTOR OF 10 ARE IN BLUE. CONCENTRATIONS EXCEEDING THE 
REFERENCE DOSE BY MORE THAN A FACTOR OF 10 ARE IN RED. 
 
 
 
 
 
 
 
 
 
Lake Species Anglers Tribe 
    Mean Min Max Mean Min Max 
Manistee 
Lake 
Northern 
Pike 
4.67E-05 
1.59E-
05 
1.00E-
04 
2.29E-04 
7.81E-
05 
4.92E-
04 
Smallmouth 
Bass 
6.34E-05 
1.73E-
05 
1.43E-
04 
3.11E-04 
8.47E-
05 
6.99E-
04 
Walleye 3.75E-04 
1.86E-
05 
6.32E-
04 
1.84E-03 
9.14E-
05 
3.10E-
03 
Muskegon 
Lake 
Largemouth 
Bass 
2.51E-05 
6.23E-
06 
1.03E-
04 
1.23E-04 
3.05E-
05 
5.03E-
04 
Northern 
Pike 
1.45E-05 
3.78E-
06 
3.72E-
05 
7.09E-05 
1.85E-
05 
1.82E-
04 
Walleye 9.40E-05 
1.15E-
05 
3.97E-
04 
4.61E-04 
5.65E-
05 
1.95E-
03 
Pentwater 
Lake 
Largemouth 
Bass 
1.60E-05 
5.58E-
06 
5.62E-
05 
7.83E-05 
2.74E-
05 
2.75E-
04 
Northern 
Pike 
1.67E-05 
1.54E-
06 
5.43E-
05 
8.19E-05 
7.56E-
06 
2.66E-
04 
Tippy 
Pond 
Northern 
Pike 
2.43E-06 
1.50E-
06 
5.61E-
06 
1.19E-05 
7.34E-
06 
2.75E-
05 
Smallmouth 
Bass 
1.72E-06 
6.28E-
07 
3.85E-
06 
8.43E-06 
3.08E-
06 
1.88E-
05 
Walleye 2.73E-06 
8.67E-
07 
5.92E-
06 
1.34E-05 
4.25E-
06 
2.90E-
05 
White 
Lake 
Largemouth 
Bass 
2.17E-05 
2.60E-
06 
5.23E-
05 
1.07E-04 
1.27E-
05 
2.57E-
04 
Northern 
Pike 
1.36E-05 
2.29E-
06 
3.03E-
05 
6.69E-05 
1.12E-
05 
1.48E-
04 
Walleye 2.56E-04 
6.18E-
05 
5.15E-
04 
1.25E-03 
3.03E-
04 
2.53E-
03 
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FIGURE 3. 1.  SPORT ANGLER EXPOSURE TO PCBS FROM INGESTING DIFFERENT FISH 
SPECIES BY BASIN IN MG/KG·D-1 . THE BLUE LINE REPRESENTS THE AROCLOR 1254 
SUGGESTED LIMIT OF INTAKE AT 0.00002 MG/KG·D-1 AND THE RED LINE REPRESENTS 10X 
THE LIMIT. RESULTS ARE MEANS ± S.E. 
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FIGURE 3. 2.  LRBOI TRIBAL EXPOSURE TO PCBS FROM INGESTING DIFFERENT FISH 
SPECIES BY BASIN IN MG/KG·D-1 . THE BLUE LINE REPRESENTS THE AROCLOR 1254 
SUGGESTED LIMIT OF INTAKE AT 0.00002 MG/KG·D-1 AND THE RED LINE REPRESENTS 10X 
THE LIMIT. RESULTS ARE MEANS ± S.E. 
 
Risk Assessment 
Mean ratios of PCB exposure to the standard reference dose of Aroclor 1254 
(0.00002 mg/kg·d-1) were from 0.1 to 20.7, with a range of 0.1 to 35.1, for Michigan Sport 
Anglers and 0.5 to 102 for LRBOI with a range of 0.2 to 172. 
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TABLE 3.5.  RATIO OF PCB EXPOSURES TO REFERENCE DOSE OF AROCLOR 1254, 0.00002 
MG/KG·D-1 
Lake Species Anglers Tribe 
    Mean Min Max Mean Min Max 
Manistee 
Lake 
Northern 
Pike 
2.3 0.8 5.0 11.4 3.9 24.6 
Smallmouth 
Bass 
3.2 0.9 7.1 15.5 4.2 35.0 
Walleye 18.7 0.9 31.6 91.8 4.6 154.9 
Muskegon 
Lake 
Largemouth 
Bass 
1.3 0.3 5.1 6.2 1.5 25.2 
Northern 
Pike 
0.7 0.2 1.9 3.5 0.9 9.1 
Walleye 4.7 0.6 19.9 23.0 2.8 97.4 
Pentwater 
Lake 
Largemouth 
Bass 
0.8 0.3 2.8 3.9 1.4 13.8 
Northern 
Pike 
0.8 0.1 2.7 4.1 0.4 13.3 
Tippy Pond 
Northern 
Pike 
0.1 0.1 0.3 0.6 0.4 1.4 
Smallmouth 
Bass 
0.1 0.0 0.2 0.4 0.2 0.9 
Walleye 0.1 0.0 0.3 0.7 0.2 1.5 
White Lake 
Largemouth 
Bass 
1.1 0.1 2.6 5.3 0.6 12.8 
Northern 
Pike 
0.7 0.1 1.5 3.3 0.6 7.4 
Walleye 12.8 3.1 25.8 62.7 15.1 126.3 
 
3.4  Discussion 
 
Data presented indicate that LRBOI tribal and sport anglers may be at an increased 
risk of adverse health effects from PCBs as a result of increased fish consumptions. Tribal 
members are at a 4x greater risk from PCB exposure compared to sport anglers due to the 
increased amount of fish consumed.  For sport anglers, walleye in both Manistee and White 
Lake were at 10x the recommended exposure value of Aroclor 1254. LRBOI tribal anglers 
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were at 10x the exposure limit in walleye in Manistee, Muskegon and White lakes and in 
largemouth bass and northern pike from Manistee Lake. Most of the average exposures found 
in this study exceeded the 0.00002 mg/kg·d-1 of Aroclor 1254 for tribal anglers. However, 
blood serum concentrations would be a more accurate measurement for exposure. Reported 
blood serum concentrations of PCBs in Ojibwe tribal members from Wisconsin, Michigan 
and Minnesota showed only moderately elevated PCB levels (Dellinger 2003). In an 
additional study of Ojibwe tribal members who consumed Great Lakes fish, relatively low 
blood serum levels of PCBs of 9.6 ppb were discovered, but several individuals had elevated 
concentrations (Gerstenberger et al. 2009).  Fitzgerald et al. (2004) reported pregnant women 
and nursing women of child bearing age had lower blood serum level PCBs than previous 
years due to fish advisories in place.  These studies indicate that exposures may be lower 
than the data set here indicates. 
The highest PCB exposures occurred for the consumption of walleye and are of 
concern. In Chapter II, walleye were significantly higher in PCBs and contaminant 
concentrations were correlated with high lipid content. Reducing the consumption of walleye 
would reduce the PCB exposure. In regards to the high lipid content, preparing fish in such a 
way to reduce the fat content may also be of benefit. 
  The MDEQ currently recommends the consumption of only 6 meals per year of 
walleye from the lakes connected to Lake Michigan (MDEQ 2016).  This equates to an 
exposure of only 3.7 g/day of fish (MDCH 2014).  In consideration of the higher fish 
consumption rates for tribal and sport fisherman, fish from the 3 species we examined from 
Manistee Lake should be limited to reduce the risk associated with PCB exposure. All three 
species showed elevated PCB content, which could be indicative that other fish from the 
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basin, not included in this study, could have similar PCB levels. The results from Manistee 
Lake should be furthered evaluated with measurements of other species in the lake that the 
tribe may consume. White Lake and Muskegon Lake show that walleye consumption should 
be reduced as sport anglers were 10x the reference dose with walleye in White Lake and 
LRBOI tribal members were 10x the reference dose when consuming walleye from 
Muskegon and White Lake.  
Fish from Tippy Pond exhibit low PCB levels and exposure levels. These results 
indicate that tribal fishermen and sport anglers could consume more fish from Tippy Pond 
relative to the other four basins studied. Tippy Pond is unique due to it being impounded 
isolated from Lake Michigan. It can be inferred from these results that tributaries impounded 
from Lake Michigan have lower risks associated with fish consumption that lakes with open 
passage.  To support this conclusion, PCB levels were found to be significantly lower in fish 
above the dam compared to below the dam (Giesy et al. 1994). 
The data presented showed a worst-case-scenario for PCB exposures because it 
assumed that the tribe and sport anglers only ate one species of fish for the whole year. Turyk 
et al. (2012) noted critical gaps in the risk-benefit analysis of consuming Great Lakes fish. 
Sport fish consumers in Lake Ontario found no association of increased endocrine cancer risk 
with increased PCB consumption, and it was suggested that the cancer risk may have been 
decreased because of the increased omega-3 fatty acids (Haslam et al. 2016).   
The data in this study clearly show that consuming fish from Manistee Lake can lead 
to significant exposure to PCB Aroclor 1254 in comparison to the other four basins 
measured. The averages exceeded the Aroclor 1254 reference dose by more than 10x for 
tribal members and fish consumption in Manistee Lake should be reduced. In addition, the 
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results showed that consumption of walleye should be limited due to the high exposures to 
PCBs by both sport anglers (in Manistee and White Lake) and Tribal members (in Manistee, 
Muskegon and White Lake).  
 
3.5  Conclusions 
 The results show that both sport and LRBOI tribal fishermen are potentially exposed 
to PCB concentrations exceeding the Aroclor 1254 Rfd. Tribal members are 4x more 
exposed than sport fishermen to PCB concentrations due to differences in fish consumption. 
Walleye from Manistee Lake exceeded 10x the reference dose for Aroclor 1254 in both sport 
and tribal fishermen. For tribal members, all three species measured in Manistee Lake and 
walleye from White and Muskegon lakes exceeded the Aroclor 1254 Rfd 10x. The exposures 
are artificially inflated due to the assumption that all the fish the tribe and sport fishermen are 
eating are from one species. Even so, the exposures are significant and merit additional 
study. Lipid content in walleye plays a role in high PCB concentrations, so preparing the fish 
in such a way as to reduce fatty content could reduce the potential for PCB exposures. 
Regardless, consumption of walleye should be reduced in comparison to the other species for 
sport and tribal fishermen. For Manistee Lake, these results show that regardless of which 
species was measured, the exposures for tribal fishermen are still exceedingly high. Further 
assessment on how much fish is consumed from Manistee Lake by both sport and tribal 
fishermen is needed. 
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Chapter IV 
4.0 Synthesis and Conclusions 
In Chapter II, walleye were found to have significantly higher PCB levels than 
largemouth bass, northern pike, and smallmouth bass. However, walleye also had 
significantly higher lipid content than other fish species, which appeared to be the factor 
driving PCB body burdens. Manistee Lake fish had significantly higher PCB content than 
Muskegon Lake, Pentwater Lake, White Lake, and Tippy Pond. Whereas, Tippy Pond had 
significantly lower PCB concentrations than the other basins.  PCA results showed 
correlations of fish PCB content with mass, length and lipid content, but no correlations were 
found between land cover and PCB content. The results indicate that consumption of walleye 
should be limited in comparison to the other three species. They also indicate that 
consumption of fish from Manistee Lake should be limited in comparison to the other four 
basins. While none of the PCB concentrations exceeded the FDA limits, increased fish 
consumption by tribal members or sport anglers could still be of concern.   
In Chapter III, tribal members were found to have a 4x higher PCB exposure than 
sport anglers due to greater levels of fish consumption. Almost all the average PCB 
exposures across species and basins exceeded the IRIS Aroclor 1254 reference dose for tribal 
members. Furthermore, the majority of average exposures to PCBs exceeded the Aroclor 
1254 reference dose 10x for tribal members.  For sport anglers, all of the average PCB 
exposures from Manistee Lake exceeded the Aroclor 1254 reference, but only walleye from 
Manistee and White lakes exceeded the reference dose 10x. The data suggests that sport 
anglers could be at an increased risk when consuming fish from Manistee Lake and when 
  
 61 
consuming walleye. Tribal members are at a much larger risk of having adverse health 
effects from PCB contamination in fish they consume than sport anglers.  
The results in the two chapters indicate that consumption of walleye should be 
reduced in comparison to largemouth bass, northern pike and smallmouth bass.  Cooking and 
fileting in ways to reduce the fatty content in the fish should benefit consumers. The results 
also suggest that consumption of fish from Manistee Lake should be reduced in comparison 
to the other four basins. Manistee Lake had a history of contamination and is open to Lake 
Michigan, which most likely influenced the PCB content in the fish, whereas Tippy Pond as 
an impoundment did not have fish migrating upstream from Lake Michigan thus preventing a 
significant amount of PCB exposure to the local ecosystem. Consuming fish from Tippy 
Pond appears to have a reduced risk associated with PCB exposure when compared to the 
other basins. It also indicates that fish above impoundments are potentially lower in PCB 
content than below, as Tippy Pond is the only watershed void of fish migration to and from 
Lake Michigan. 
The high exposures of sport anglers to walleye and tribal members to most of the fish 
species is of significant concern.  It is important to point out that this study assumed the only 
fish consumed was the species being measured for the year, which gives a more conservative 
approach to the data. It would be interesting to break this down further and determine how 
much of each species is consumed by tribal and sport anglers. Furthermore, a repeat of this 
study involving other species consumed may be beneficial to determining further risk to 
tribal and sport anglers, especially to confirm high PCB concentrations in other popular tribal 
and sport angler fish species. 
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TABLE A. 1.  PCB CONCENTRATIONS AND FISH SIZE PARAMETERS FOR WEST MICHIGAN TRIBUTARIES OF LAKE 
MICHIGAN. 
 
  
ID 
 
 
Location 
 
 
Species 
 
 
Length (cm) 
 
 
Mass (g) 
 
 
% Lipid 
 
Total 
PCBs 
(µg/kg) 
Total PCBs 
(µg/kg) 
after 
Congener 
corrections 
for 
analysis 
M10 Manistee lake Northern pike 47.8 680.39 1.50 53.6 31.18 
M11 Manistee lake Northern pike 56.9 1133.98 2.50 98.5 58.55 
M12 Manistee lake Smallmouth bass 44.2 1542.21 3.40 138.7 74.16 
M14 Manistee lake Smallmouth bass 37.6 861.83 1.90 213.2 120.40 
M15 Manistee lake Smallmouth bass 34.3 725.75 1.60 129.2 63.20 
M16 Manistee lake Northern pike 57.9 1179.34 2.60 51 29.52 
M18 Manistee lake Northern pike 52.3 997.90 2.20 42.8 17.67 
M19 Manistee lake Smallmouth bass 24.9 244.94 0.54 43.3 16.67 
M20 Manistee lake Walleye 77.7 4263.77 9.40 947.7 374.66 
M21 Manistee lake Northern pike 70.4 2267.96 5.00 93.70 39.03 
M23 Manistee lake Walleye 71.6 4036.97 8.90 1106.00 486.90 
M24 Manistee lake Walleye 68.6 3810.18 8.40 520.22 211.69 
M30 Manistee lake Smallmouth bass 37.4 855.49 1.89 72.00 39.02 
M31 Manistee lake Smallmouth bass 28.9 374.20 0.82 36.00 17.37 
M5 Manistee lake Smallmouth bass 41.7 1088.62 2.40 137.48 69.53 
M6 Manistee lake Smallmouth bass 37.1 680.39 1.50 123.00 65.30 
M7 Manistee lake Smallmouth bass 26.9 272.16 0.60 60.40 36.03 
M8 Manistee lake Northern pike 64.0 1496.85 3.30 163.50 97.33 
M9 Manistee lake Northern pike 66.5 1769.01 3.90 55.51 33.53 
ML28 Muskegon Lake Walleye 26.8 234.66 0.47 32.91 13.58 
ML29 Muskegon Lake Walleye 24.3 199.91 0.52 22.51 9.52 
ML30 Muskegon Lake Walleye 24.6 185.41 0.52 23.30 8.10 
ML35 Muskegon Lake Northern pike 57.0 1530.10 0.80 27.91 9.89 
ML36 Muskegon Lake Northern pike 44.0 396.89 0.43 10.92 4.15 
ML37 RE Muskegon Lake Northern pike 67.0 2952.30 0.35 37.91 13.57 
ML38 Muskegon Lake Northern pike 60.8 2666.20 0.46 28.35 9.30 
ML39 Muskegon Lake Northern pike 25.2 148.52 0.30 18.75 2.50 
ML40 Muskegon Lake Northern pike 45.5 858.10 0.31 8.14 3.57 
ML41 Muskegon Lake Northern pike 61.5 2031.60 0.42 62.82 23.90 
ML45 Muskegon Lake Walleye 16.0 595.34 1.14 34.36 10.85 
ML46 Muskegon Lake Walleye 22.0 1757.67 2.47 193.44 58.42 
ML47 Muskegon Lake Walleye 19.5 1162.33 1.99 106.76 38.20 
ML48 Muskegon Lake Walleye 149.0 1105.63 1.53 138.92 50.64 
ML49 Muskegon Lake Walleye 21.8 1672.62 2.43 143.36 48.52 
ML50 Muskegon Lake Walleye 18.5 1020.58 1.24 59.29 19.41 
ML51 Muskegon Lake Walleye 25.5 2409.71 4.33 545.67 193.19 
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Table A. 1 (continued).  PCB Concentrations and Fish Size Parameters for West Michigan 
Tributaries of Lake Michigan. 
 
 
  
ID 
 
 
Location 
 
 
Species 
 
 
Lengt
h (cm) 
 
 
Mass (g) 
 
 
% 
Lipid 
 
Total 
PCBs 
(µg/kg) 
Total PCBs 
(µg/kg) 
after 
Congener 
corrections 
for analysis 
ML36 Muskegon Lake Northern pike 44.0 396.89 0.43 10.92 4.15 
ML37 RE Muskegon Lake Northern pike 67.0 2952.30 0.35 37.91 13.57 
ML38 Muskegon Lake Northern pike 60.8 2666.20 0.46 28.35 9.30 
ML39 Muskegon Lake Northern pike 25.2 148.52 0.30 18.75 2.50 
ML40 Muskegon Lake Northern pike 45.5 858.10 0.31 8.14 3.57 
ML41 Muskegon Lake Northern pike 61.5 2031.60 0.42 62.82 23.90 
ML45 Muskegon Lake Walleye 16.0 595.34 1.14 34.36 10.85 
ML46 Muskegon Lake Walleye 22.0 1757.67 2.47 193.44 58.42 
ML47 Muskegon Lake Walleye 19.5 1162.33 1.99 106.76 38.20 
ML48 Muskegon Lake Walleye 149.0 1105.63 1.53 138.92 50.64 
ML49 Muskegon Lake Walleye 21.8 1672.62 2.43 143.36 48.52 
ML50 Muskegon Lake Walleye 18.5 1020.58 1.24 59.29 19.41 
ML51 Muskegon Lake Walleye 25.5 2409.71 4.33 545.67 193.19 
ML52 Muskegon Lake Walleye 21.5 1474.18 2.88 309.02 106.26 
ML53 Muskegon Lake Walleye 23.8 2721.55 3.62 726.86 243.34 
ML54 Muskegon Lake Walleye 15.8 595.34 1.20 41.51 15.88 
ML55 Muskegon Lake Largemouth bass 30.8 728.20 0.93 21.27 8.27 
ML56 Muskegon Lake Largemouth bass 34.5 911.20 0.95 78.50 29.52 
ML57 Muskegon Lake Largemouth bass 32.0 768.80 1.54 70.45 23.35 
ML58 Muskegon Lake Largemouth bass 21.0 296.39 1.19 36.66 12.83 
ML59 Muskegon Lake Largemouth bass 21.5 252.69 0.52 16.85 5.89 
ML60 Muskegon Lake Largemouth bass 25.2 347.90 1.13 27.08 9.51 
ML61 Muskegon Lake Largemouth bass 23.8 335.73 1.19 25.40 8.77 
ML62 Muskegon Lake Largemouth bass 19.0 184.72 1.31 20.23 7.15 
ML63 Muskegon Lake Largemouth bass 18.8 187.53 0.57 21.08 3.99 
ML64 Muskegon Lake Largemouth bass 16.7 116.80 0.51 11.41 4.09 
MR1 Manistee lake Northern pike 68.6 1839.88 4.06 200.00 90.00 
MR13 Manistee lake Smallmouth bass 30.6 432.20 0.95 240.00 103.25 
MR14 Manistee lake Smallmouth bass 23.7 208.70 0.46 33.00 16.28 
MR18 Manistee lake Northern pike 74.8 769.89 1.70 71.00 30.83 
MR19 Manistee lake Northern pike 74.8 769.89 1.70 70.00 33.94 
MR20 Manistee lake Northern pike 50.3 814.69 1.80 110.00 48.54 
MR21A Manistee lake Northern pike 47.5 646 0.38 25.78 12.10 
MR22 Manistee lake Smallmouth bass 37.0 770 1.22 245.88 119.42 
MR23 Manistee lake Smallmouth bass 29.5 339 1.08 107.19 50.89 
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Table A. 1 (continued).  PCB Concentrations and Fish Size Parameters for West Michigan 
Tributaries of Lake Michigan. 
 
 
 
  
ID 
 
 
Location 
 
 
Species 
 
 
Length 
(cm) 
 
 
Mass (g) 
 
 
% 
Lipi
d 
 
Total 
PCBs 
(µg/kg) 
Total PCBs 
(µg/kg) after 
Congener 
corrections 
for analysis 
MR24 Manistee lake Smallmouth bass 27.0 265 1.53 101.68 47.83 
MR7 Manistee lake Smallmouth bass 30.1 409.30  110.00 47.64 
MR8 Manistee lake Walleye 29.6 193.10  40.00 17.43 
MR9 Manistee lake Smallmouth bass 25.4 226.80  37.00 18.33 
PL27 Pentwater Lake Largemouth bass 30.5 810.40 1.01 27.15 9.41 
PL28 Pentwater Lake Largemouth bass 36.7 1348.60 1.13 106.61 37.24 
PL29 Pentwater Lake Largemouth bass 34.0 998.50 0.67 40.16 13.04 
PL30 Pentwater Lake Largemouth bass 28.0 525.80 0.72 34.11 12.88 
PL31 Pentwater Lake Largemouth bass 26.5 517.30 1.48 13.97 5.91 
PL32 Pentwater Lake Largemouth bass 18.0 202.30 1.19 9.73 3.95 
PL33 Pentwater Lake Northern pike 47.5 1274.70 0.59 17.17 7.04 
PL34 Pentwater Lake Northern pike 45.0 461.10 0.45 13.65 5.90 
PL35 Pentwater Lake Northern pike 42.0 771.20 0.32 6.90 2.62 
PL42 Pentwater Lake Northern pike 45.0 945.00 0.87 37.03 13.22 
PL43 Pentwater Lake Northern pike 76.0 3586.90 0.91 81.82 20.90 
PL44 Pentwater Lake Northern pike 48.0 1031.40 0.56 21.59 7.06 
PL45 Pentwater Lake Northern pike 22.8 118.06 0.72 12.02 4.31 
PL46 Pentwater Lake Northern pike 21.5 116.53 0.44 3.79 0.81 
PL47 Pentwater Lake Northern pike 50.5 1134.10 0.59 94.35 34.01 
PL48 Pentwater Lake Northern pike 32.5 383.52 0.74 10.83 4.00 
PL49 Pentwater Lake Largemouth bass 21.6 239.30 1.35 19.70 7.20 
PL50 Pentwater Lake Largemouth bass 23.2 288.70 0.63 24.08 7.41 
PL51 Pentwater Lake Largemouth bass 31.3 942.20 0.56 14.24 4.68 
PL52 Pentwater Lake Largemouth bass 31.5 904.80 0.96 35.72 12.05 
T1 Tippy Pond Northern pike 66.3 1542.21 0.80 5.72 1.90 
T10 Tippy Pond Walleye 24.1 136.08 0.50 1.71 0.87 
T11 Tippy Pond Walleye 45.7 907.18 1.20 4.93 2.56 
T12 Tippy Pond Walleye 47.2 907.18 0.90 5.53 2.83 
T15 Tippy Pond Smallmouth bass 27.4 272.16 0.60 1.86 0.94 
T16 Tippy Pond Smallmouth bass 23.1 181.44 1.20 1.15 0.60 
T2 Tippy Pond Northern pike 58.2 997.90 0.60 6.04 3.16 
T23 Tippy Pond Walleye 25.9 136.08 0.40 2.77 1.40 
T24 Tippy Pond Smallmouth bass 43.4 1270.06 1.80 4.14 2.12 
T25 Tippy Pond Northern pike 62.5 1251.87 0.60 4.06 2.23 
T27 Tippy Pond Walleye 37.6 376.48 0.20 6.40 3.19 
T29 Tippy Pond Smallmouth bass 33.3 498.95 1.30 7.16 3.88 
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Table A. 1 (continued).  PCB Concentrations and Fish Size Parameters for West Michigan 
Tributaries of Lake Michigan. 
 
 
 
  
ID 
 
 
Location 
 
 
Species 
 
 
Length 
(cm) 
 
 
Mass 
(g) 
 
 
% 
Lipid 
 
Total 
PCBs 
(µg/kg) 
Total PCBs 
(µg/kg) after 
Congener 
corrections 
for analysis 
T3 Tippy Pond Northern pike 62.0 1270.06 0.40 5.32 2.41 
T30 Tippy Pond Smallmouth bass 34.0 498.95 0.90 2.60 1.40 
T31 Tippy Pond Smallmouth bass 40.6 1043.26 1.90 4.51 2.45 
T32 Tippy Pond Smallmouth bass 34.0 498.95 1.10 1.76 0.92 
T33 Tippy Pond Smallmouth bass 40.4 861.83 0.80 1.82 0.95 
T35 Tippy Pond Northern pike 63.0 1496.85 0.20 5.00 1.85 
T36 Tippy Pond Walleye 42.2 635.03 0.40 5.36 1.81 
T37 Tippy Pond Walleye 44.5 725.75 0.20 4.28 1.54 
T38 Tippy Pond Northern pike 68.1 1560.36 0.20 9.44 3.64 
T4 Tippy Pond Northern pike 59.4 1270.06 0.90 3.00 1.58 
T40 Tippy Pond Northern pike 49.7 738.79  3.70 1.31 
T41 Tippy Pond Northern pike 49.7 738.79  4.80 1.85 
T5 Tippy Pond Northern pike 51.6 544.31 0.20 2.86 1.48 
T50 Tippy Pond Walleye 49.6 1194.89  12.00 5.24 
T52 Tippy Pond Northern pike 48.3 702.09  3.10 1.11 
T54 Tippy Pond Northern pike 36.6 273.00  3.80 1.44 
T58 Tippy Pond Walleye 53.4 1308.99  5.50 2.05 
T8 Tippy Pond Smallmouth bass 24.4 226.80 3.40 3.89 2.00 
T9 Tippy Pond Walleye 24.3 226.80 0.30 3.47 1.79 
WL18 White Lake Walleye 47.0 218.63 2.52 107.07 38.92 
WL19 White Lake Walleye 63.5 542.10 2.65 905.78 322.82 
WL20 White Lake Largemouth bass 31.5 848.30 1.33 61.24 16.86 
WL21 White Lake Largemouth bass 31.0 716.60 0.71 29.53 8.72 
WL22 White Lake Largemouth bass 30.7 692.6 0.93 25.22 8.19 
WL23 White Lake Largemouth bass 31.5 954.20 1.26 78.86 18.27 
WL24 White Lake Largemouth bass 32.5 853.90 1.06 64.54 17.55 
WL25 White Lake Largemouth bass 31.5 979.30 1.46 103.98 30.72 
WL26 White Lake Largemouth bass 33.0 1051.00 0.98 25.04 10.60 
WL27 White Lake Largemouth bass 33.0 1114.40 0.58 23.39 4.84 
WL28 White Lake Largemouth bass 32.0 941.10 1.03 62.99 18.00 
WL29 White Lake Largemouth bass 29.5 662.00 0.43 46.93 20.48 
WL30 White Lake Northern pike 54.0 1521.50 0.69 39.37 13.14 
WL31 White Lake Northern pike 49.5 802.90 0.46 4.93 2.32 
WL34 White Lake Northern pike 53.5 1510.40 1.10 49.77 15.56 
WL35 White Lake Northern pike 47.5 942.50 0.61 30.58 9.94 
WL36 White Lake Walleye 43.0 1358.90 3.40 346.10 109.28 
WL44 White Lake Northern pike 50.5 1516.90 0.28 21.76 7.42 
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Table A. 1 (continued).  PCB Concentrations and Fish Size Parameters for West Michigan 
Tributaries of Lake Michigan. 
 
 
 
  
ID 
 
 
Location 
 
 
Species 
 
 
Length 
(cm) 
 
 
Mass 
(g) 
 
 
% 
Lipid 
 
Total 
PCBs 
(µg/kg) 
Total PCBs 
(µg/kg) after 
Congener 
corrections 
for analysis 
WL46 White Lake Northern pike 54.3 1433.20 0.38 53.00 18.43 
WL47 White Lake Northern pike 41.5 712.40 0.54 18.32 5.23 
WL48 White Lake Northern pike 41.5 757.10 0.50 17.96 4.76 
WL49 White Lake Northern pike 38.9 660.20 0.21 5.49 1.48 
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